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InstrumentationSensitivity enhancement of MAS NMR using dynamic nuclear polarization (DNP) is gaining importance at
moderate fields (B0 < 9 T) and temperatures (T > 90 K) with potential applications in chemistry and mate-
rial sciences. However, considering the ever-increasing size and complexity of the systems to be studied,
it is crucial to establish DNP under higher field conditions, where the spectral resolution and the basic
NMR sensitivity tend to improve. In this perspective, we overview our recent efforts on hardware devel-
opments, specifically targeted on improving DNP MAS NMR at high fields. It includes the development of
gyrotrons that enable continuous frequency tuning and rapid frequency modulation for our 395
GHz–600 MHz and 460 GHz–700 MHz DNP NMR spectrometers. The latter 700 MHz system involves
two gyrotrons and a quasi-optical transmission system that combines two independent sub-millimeter
waves into a single dichromic wave. We also describe two cryogenic MAS NMR probe systems operating,
respectively, at T 100 K and 30 K. The latter system utilizes a novel closed-loop helium recirculation
mechanism, achieving cryogenic MAS without consuming any cryogen. These instruments altogether
should promote high-field DNP toward more efficient, reliable and affordable technology. Some experi-
mental DNP results obtained with these instruments are presented.
 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Sensitivity is the key for successful NMR analysis on complex
chemical systems. In the last two decades, sensitivity enhancement
of MAS NMR using DNP [1] has gained a vast popularity, and found
a wide application in chemical, biological and material sciences
[2–5]. While the majority of DNP experiments so far have been
conducted at moderate field conditions (B0  9 T) and tempera-
tures (T  90 K) [6–8], it is highly desirable to explore DNP at
higher fields and lower temperatures. Potential benefit is numer-
ous: higher field and lower temperature increase the electron spin
polarization that DNP seeks to transfer to nuclei of interest. As
Fig. 1 shows, the equilibrium spin polarization is governed by the
static magnetic field strength and temperature. The electron spin
polarization at T = 20 K and B0 = 16.4 T (circle, Fig. 1), for instance,
is eight times larger than that at 9.4 T and 100 K (rectangle), reach-
ing the polarization of 50%. In addition, low temperature
increases the efficiency of DNP due to the extended electron and
nuclear relaxation times. Also, since the magnetic resonance fre-
quency increases with B0, the sensitivity of the inductive NMRdetection scales in proportion to B01.5. Furthermore, low tempera-
ture suppresses the thermal noise from the RF circuit, improving
signal-to-noise ratio. Other than sensitivity, high fields are benefi-
cial in improving the spectral resolution by increasing the peak
separation by the chemical shifts [9].
Despite the numerous advantages, the number of reports on
hardware developments for exploring DNP at B0 9 T and/or
T 90 K remains relatively small [10–13]. The two most formid-
able engineering challenges in this include the development of a
suitable sub-millimeter wave (SMMW) source and its transmission
system, and an efficient cryogenic MAS NMR probe system. The
SMMW source for DNP should radiate at high power (>5 W) and
high frequency (e.g., f = 461–790 GHz for experiments at
B0 = 16.4–23 T), and be stable for days in continuous wave (CW)
mode. Currently, the only light source satisfying these rather strin-
gent requirements is gyrotron [14]: it is able to oscillate at up to
1 THz, and suitable for high power application since it has long
been used for plasmas heating and material sintering. Chief
requirements for the cryogenic MAS system include a long-term
stability and cost efficiency. Significant amounts of expensive
helium are required for MAS at T 90 K, thus some kind of
recovery mechanism should be invented for making long-term
experiments affordable.
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Fig. 1. Thermal equilibrium polarization for electron and proton at B0 = 9.4 T
(dashed lines) and 16.4 T (solid line) as a function of temperature.
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Fig. 2. Frequency (a) and power (b) of SMMW radiated from gyrotron FU CW VI as a
function of the gyrotron field B0,gyro and frequency, respectively. Data are shown for
the beam current Ib = 50 mA (blue) and Ib = 100 mA (red). In panel (a), the position
and breadth of the EPR lines for TEMPO, Trityl and BDPA, calculated for our NMR
filed B0 = 14.0618 T are shown with gray bars. In (b), the upper and lower frequency
axis is for the red and blue data, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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developments for DNP MAS NMR spectroscopy at B0 = 14.1 T and
T  100 K, and at B0 = 16.4 T and T = 100–30 K. Specifically, we
describe three high-power CW gyrotrons with special functions,
and two cryogenic MAS systems with long-term stability and low
operational cost. Along the way, some experimental results on
395 GHz–600 MHz and 460 GHz–700 MHz DNP MAS NMR will be
presented.
2. SMMW irradiation systems
In addition to the above-mentioned basic requirements, our
gyrotrons are designed to implement several advanced functions
aiming at improving the DNP at high fields [15–23].
2.1. Frequency-tunable gyrotrons
Gyrotron is a vacuum tube device, which generates high fre-
quency electromagnetic waves by the stimulated cyclotron reso-
nance of electrons moving in a strong magnetic field. A gyrotron
consists of a vacuum tube that holds a cavity in a strong magnetic
field, a heated electron gun located on one end of the tube to inject
an electron beam into the cavity, and a collector for the spent elec-
tron beam installed on the other end of the tube. The moving elec-
trons give up a part of the kinetic energy to the interacting waves
to emit the microwave, whose power is amplified in the cavity and
then taken out from the window. Thus, the main parameters for
gyrotron operation include the electron acceleration voltage (Vk),
beam current (Ib), cavity size and the magnetic field strength at
the cavity (B0,gyro). The radiation frequency is primarily determined
by the resonant frequency of the cavity and the electron cyclotron
frequency, f = n eB0,gyro/2p me, where n is the harmonic number
andme is the effective electron mass. Therefore, conventional gyro-
trons have only a step-tunability with an interval in the order of
GHz corresponding to each resonance modes supported by the cav-
ity. This is why the frequency-matching condition for DNP has con-
ventionally been optimized by fine-tuning the NMR field while
leaving the SMMW frequency untouched.
However at high fields, it is highly desirable to do the above
DNP optimization by directly tuning the SMMW frequency while
leaving the NMR field intact for several reasons. Firstly, sweeping
the main coil of a high-field NMR magnet is labor intensive and
costly; it also disrupts the stability and homogeneity of the field,
and takes long time before the field is settled down. Secondly, look-
ing toward very high-field DNP, it will become, at some point, pro-
hibitively difficult and/or expensive to construct an NMR magnetwith an auxiliary superconducting sweep coil, while preserving
the bore size and the field homogeneity. And thirdly, tunable
SMMW source facilitates upgrading an existing solid-state NMR
spectrometer having no sweep coil on the magnet to a DNP-
enhanced version, which should greatly increase the availability
of high-field DNP to wider range of users.
In our gyrotrons, the continuous frequency tunability is realized
by making use of serial axial modes and their interference with the
backward waves [17,20]. Other groups used a similar principle
[24,25]. Fig. 2 (red lines) shows that our gyrotron named FU CW
VI radiates at 395 GHz in a tunable range of 1 GHz with a min-
imum power output of 5W [17,26]. The wave was oscillated in
the fundamental mode at B0,gyro  14.5 T. The utility of the wide
frequency tunability in high field DNP have previously been
demonstrated at B0 = 14.1 T [26]. Another gyrotron named FU CW
GOII radiated at 460 GHz in a similar tunable range of
0.6 GHz with a minimum power output of a few watts [20],
where the oscillation was obtained in the second harmonics mode
at B0,gyro  8.2 T, reducing the size of the gyrotron magnet by a fac-
tor of 2. In both gyrotrons, the beam current value (Ib) was stabi-
lized to ±1% by a feedback control to the heater filament on the
electron gun [26]. A similar circuit can be constructed also for sta-
bilizing the SMMW frequency with a feedback to the cavity poten-
tial (see Section 2.2).
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Rapid frequency modulation is reported to improve the DNP
enhancement when nitroxide radicals are used as the polarizing
agent, especially for static samples [27,28]. This can be understood
as an increased number of saturated electron spins participating
the DNP process. In our gyrotron, the frequency modulation is real-
ized by applying an alternating voltage to the gyrotron body, which
is floated from the ground level using electrical breaks installed on
the tube. The periodic change in the cavity potential above the
ground changes the electron acceleration voltage, leading to a vari-
ation of the relativistic electron mass and corresponding electron
cyclotron frequency. Fig. 3a plots the modulation amplitude of
the SMMW frequency as a function of that of the applied cavity
potential, observed for a gyrotron named FU CW GOI oscillating
at 460 GHz [20]. It can be seen that the modulation amplitude
of up to ±50 MHz is obtained with the cavity potential of ±0.5 kV.
The same principle can be exploited for a long-term SMMW fre-
quency stabilization by constructing a feedback loop from the
measured frequency to the body potential (manuscript in prepara-
tion, T.I.). The feedback frequency stabilization will be important
for a long-term NMR data acquisition, especially when a polariza-
tion agent with a sharp EPR line is employed.2.3. Transmission system for SMMW
Efficient transmission of the SMMW with very low loss
(0.003 dB/m) can be achieved when the wave is converted to the
so-called Gaussian beam, and coupled to the HE11 waveguide
mode. This quasi-optical transmission requires grooves of the
appropriate depth on the inner wall of the waveguide [29,30].
The quasi-optical transmission using corrugated waveguides also
forms a convenient basis for the subsequent manipulation of the
wave, such as continuous control of the power level, generation
of linear to circularly polarized beams, and integration of two or
more waves into a single beam (see Section 2.4). Because the
SMMW generated at the gyrotron cavity is usually in a high-
order mode, the output beam needs to be converted to theΔV (Volts)
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The modulation frequency was 300 Hz. (b) Cross-sectional drawing of the gyrotron FU C
the gyrotron window. The pattern was measured from a temperature increase of a PVCGaussian-like TEM00 mode using an internal quasi-optical mode
converter (Fig. 3b) [22,23,31]. In our first report on the DNP NMR
at B0 = 14.1 T [11], we transmitted the 395 GHz-wave in the
high-order cavity mode by directly coupling it to a smooth-wall
oversize circular waveguide, ending up with the transmission effi-
ciency of only 1% measured between the gyrotron window and
the NMR sample. On the other hand, the above-mentioned gyro-
trons FU CW GOI and GOII for 460 GHz–700 MHz DNP NMR are
equipped with an internal mode converter, allowing for a quasi-
optical transmission (Fig. 3c). In a preliminary test, the transmis-
sion efficiency was measured to be over 60% between the gyrotron
window and the probe input. Better transmission efficiency allows
using smaller and lower-power gyrotrons, which improves the
user safety as well as the cost performance of the entire system.
In our DNP NMR probe, the SMMW is introduced from the top,
and irradiates the sample from the side through the RF coil. A
Teflon lens can be used to match the beam size to that of the sam-
ple for maximizing the electron excitation, and thereby the DNP
efficiency [32]. Optimization of an RF coil for better SMMW trans-
mission without loosing the RF efficiency represents another
important challenge in designing DNP NMR probes. Controlling
the direction of the polarization of the SMMW beam relative to
the NMR field is also crucial for improving the DNP efficiency.
The use of the circularly polarized beam adds another level of
sophistication to this consideration [13], since it could minimize
sample heating without compromising the electron spin excita-
tion. Numerical wave simulation should be a valid way for
optimizing above details in the final irradiation scheme in a
probe [32,33]. Our quasi-optical transmission system for 460
GHz–700 MHz DNP involves a universal polarizer composed of a
set of rotating grated mirrors, and is able to produce SMMWs in
any polarization state between linear and circular configuration
(Bridge12 Technologies, Inc.).2.4. Double-gyrotron setup
Many exciting possibilities will open up for high-field DNP NMR
if the spectrometer is able to handle two SMMWs in different4
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microwave frequencies has long been around in the EPR commu-
nity, and exploited in the electron–electron double resonance
(DEER or PELDOR) experiments. In order to explore such a possibil-
ity in high-field DNP, we have recently designed and constructed a
460 GHz–700 MHz DNP NMR spectrometer that employs two
gyrotrons (Fig. 4a). Two SMMWs from the frequency modulation
gyrotron (FU CW GOI) and the tunable gyrotron (GOII) are trans-
mitted in a quasi-optical manner, and are combined into a dichro-
mic beam before entering the NMR probe [34]. Fig. 4b shows a
diagram of a custom designed SMMW combiner (Bridge12 Tech-
nologies, Inc.). The wave inputted to the port 1 (wave1) is split at
the 3-dB hybrid, then reflected at the notch filters (NFs) backward
to the port 3; the input to the port 2 (wave2), which is at least
0.15 GHz away from the frequency of the wave1, passes through
the NFs, and a combined beam (wave1 + wave2) exits from the
port 3. The polarization property of individual beam is preserved
in the combined beam. The two SMMWs can be radiated in CW,
or at any timing precisely controlled from a pulse programer, using
a high-voltage MOSFET switches (time constant is1 ls). Thus this
setup enables not only a dichromic SMMW irradiation, but also a
fast frequency switch for SMMWs, e.g. in a rotor-synchronized
manner. A fast frequency jump is also required for the electron-
decoupling scheme recently proposed for the solid effect
(SE)-based DNP experiments [33,35]. We note that the fast fre-
quency switch/jump over a frequency difference in the order of a
GHz in a time constant shorter than T1e (typically in the order of
1 ms at cryogenic temperatures) will not be possible with a single(c)
(a)
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Fig. 4. (a) Diagram of our 460 GHz-700 MHz DNP-NMR spectrometer with two gyrotron
performed with a closed-loop helium circulation system (see Fig. 7). (b) A diagram for th
sections, a set of 3 dB-hybrids and tunable Notch filters. See text for details. (c) Simulated
or double-frequency irradiation (blue). Two SMMWs with a frequency separation of 0.1
polarization by cross-effect DNP under MAS (vR = 7 kHz) for single (red) and double-fre
used. (For interpretation of the references to colour in this figure legend, the reader is rgyrotron even with a wide tunability, since the frequency sweep
needs to sweep B0,gyro, typically taking a minute for a 1 GHz fre-
quency shift. Although the frequency modulation gyrotron often
has a time constant much faster than that, the possible modulation
amplitude remains less than 0.1 GHz.
One of the most straightforward usages of this double-
frequency irradiation system is to irradiate a part of a wide-line
EPR spectrum of nitroxide radicals with two closely separated fre-
quencies to improve the spin saturation. According to a calculation
taking into account of the randomly oriented biradical molecules
under MAS, the Landau–Zener transition probability for the
electron-microwave crossing rapidly decreases at around
B0  16 T or higher fields, leading to an abrupt decay in the spin
saturation efficiency, thus in the DNP efficiency. Therefore, any
measures that improve the electron saturation are crucial for
improving high field DNP.
Fig. 4c and d illustrates with simulated results how the DNP
enhancement is improved by the double-frequency saturation.
The nuclear polarization under the cross-effect DNP process was
simulated for randomly oriented e-e-n three-spin systems under
the effect of MAS with a similar treatment by Thurber et al. based
on the Landau–Zener formula for adiabatic spin-flip probability at
electron–electron, election-microwave and the cross-effect level
crossings [36]. To speed up the calculation, we have introduced
some simplifications to the code by omitting the effects of the
transverse electron relaxation (T2e), hyperfine coupling to 14N
and the electron–electron exchange coupling, and used the ZCW3
powder orientation [37] and significantly coarser time grid while(b)
(d)
OII
biner
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EPR spectrum for TOTAPOL (black), and partially saturated spectra with single- (red)
5 GHz and a ceB1 value of 140 kHz were assumed. (d) Calculated build-up of the 1H
quency irradiation (blue). The molecular geometry and g-values for TOTAPOL were
eferred to the web version of this article.)
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polation technique. We have confirmed accuracy of the calculation
results for a number of DNP phenomena such as frequency- and
MAS rate-dependence of the enhancement factor in comparison
to the results by Thurber et al. [36] and experiments (J.F., manu-
script in preparation). This simplified CE-DNP calculation predicted
that the double-frequency microwave irradiation improves the
average electron spin saturation level (Fig. 4c), and leads to
approximately 30% improvement of the final nuclear polarization
(Fig. 4d) as compared with a single beam irradiation at T = 20 K,
vR = 7 kHz and T1e = 2 ms. We are currently gathering preliminary
experimental DNP data in support of the prediction, and they
should be reported elsewhere.3. Low temperature DNP-MAS-NMR probes
As mentioned above, it is important to improve the electron
spin saturation for a better DNP efficiency at high fields, and a
use of low sample temperature should also be helpful to this
end. Cryogenic MAS NMR probe systems may be classified into
two groups according to the temperature range they operate. The
one makes use of cold nitrogen (N2) gas for cooling and spinning
the sample, achieving the sample temperatures typically down to
100 K (b.p. of N2 is at 77 K), and the other utilizes helium (He)
gas for the same purpose, achieving the sample temperatures typ-
ically down to 20 to 30 K (b.p. of He is at 4 K). Here we describe two
of our cryogenic MAS systems designed for each of the tempera-
ture regime.3.1. DNP-MAS-NMR at 100 K
Our 100 K-MAS system incorporates several new approaches
for improving long-term stability and reducing the running cost.
First, the spinner gas N2 is separated from the air. The compressed
air is dried with a multi-stage heatless drier before introduced to a
pressure swing adsorption (PSA) N2 separator. This produces
150 L/min of pure (99.9%) and dry N2 gas (dew point70 degc
@ 0.25 MPa), and abolishes liquid N2 consumption (>300 L/day)
required in the gas production stage. The very low dew point of
the spinner gas N2 reduces the chance for ice formation throughout
the gas line, and improved the long-term stability of the system.
Secondly, the resultant N2 gas is pre-cooled to 190 K using an
electric gas chiller before the heat-exchanging step with liquid
cryogen, reducing the liquid cryogen consumption. For example,
this pre-cooling approach was later adopted by the MIT group
[10], and for their setup at least a factor of two reduction of the liq-
uid N2 consumption has been reported (from >400 L/day to
<200 L/day). And third, we use liquid argon (Ar) for the heat-
exchange, instead of the conventional liquid N2. Since the boiling
point of liquid Ar is at 87 K, liquefaction of the spinner gas N2 is
negligible even under a high pressure (0.3 MPa), and the stabil-
ity/reliability of MAS at T  100 K and vR = 7 kHz was dramatically
improved for a 4 mm-diameter rotor, and facilitated multi-
dimensional experiments (vide infra). Since the heat exchanger
for the spinner gases vaporizes only 1.3 L/h of liquid Ar, the over-
all running cost of the system is less than conventional ones as long
as liquid N2 price is higher than $0.2/L under the local liquid Ar
price of $2/L. Also, since this setup does not require anymore
the pressurized canister structure around the heat-exchanger coil
[38], the construction and its operation are significantly simplified.
Overall, our approach established a long-term stable, easy-to-use,
and cost effective apparatus for MAS at 100 K.
The high stability of the measurement condition facilitated an
extended signal averaging and/or high-dimensional measurements
at T  100 K. Fig. 5 shows DNP-enhanced 2D 13C–13C correlationNMR spectra of uniformly 13C-labeled glucose. The sample temper-
ature (101 K, ±1 K) and MAS rate (7 kHz, ±10 Hz) were kept for
>10 h for recording each data. Since no ice formation and decay
of the spinner gas flow was observed during this, even longer
run seems to be possible. The sensitivity enhancement by a factor
of 30 was observed at B0 = 14.1 T versus conventional measure-
ments at room temperature. The linewidths of 5 ppm observed
(Fig. 5c) are mainly due to inhomogeneous broadening caused by
the structural heterogeneity of glucose in the glass matrix. Still,
the signals from the a and b anomers of glucose are clearly
resolved. Fig. 5d shows the same spectrum obtained for crystalline
glucose. About 20 mg of crystalline powder was center-packed to a
4 mm-rotor, and then wetted with a few drops of the standard DNP
matrix (d8-glycerol/D2O/H2O = 6/3/1 w/w/w) before a quick freez-
ing in the probe. Since the volume taken by the DNP matrix is
maintained minimum, this easy packing protocol guarantees a
favorable absolute sensitivity. In addition, the signals for the crys-
talline sample were much sharper (1 ppm) than the amorphous
sample. Interestingly, the chemical shift of the C1 resonance
revealed that the crystal was formed only from the a anomer,
and that the anomerization reaction is promoted only in solution.
A similar enhancement factor was obtained for the crystalline
and non-crystalline samples, indicating that the enhanced 1H
polarization reaches the core of the crystals. Assuming the 1H–1H
spin diffusion constant of 0.8 nm2/ms, the polarization should
propagate over the distance of 0.1 lm during the polarization
buildup time of 10 s. Thus, the crystals are deduced to have the
smallest dimension of less than about 0.2 lm in our sample. It is
interesting to note that the sub-micrometer (protein) crystals that
is too small for a diffraction study is particularly suited to DNP-
enhanced MAS NMR measurement. The use of crystalline samples
for DNP has been demonstrated previously [39,40].
3.2. DNP-MAS-NMR at 30 K
Utilization of even lower temperature e.g. down to 30 K should
further improve the NMR sensitivity from larger equilibrium spin
polarization, improved DNP efficiency, and reduced thermal noise
from the RF circuitry. To prove this experimentally, we have con-
structed a He-cooling and -spinning DNP NMR probe system, in
which liquid He was boiled for the production of the cold spinner
gas streams [12]. Fig. 6a shows the DNP-enhanced 1H MAS NMR
spectrum taken at T = 33 K and B0 = 14.1 T. Sample was the stan-
dard DNP matrix (d8-glycerol/D2O/H2O = 6/3/1 w/w/w) doped with
20 mM TOTAPOL. The DNP enhancement factor of e  50 was
observed under MAS. In both static and MAS conditions, roughly
a factor of two higher enhancements was obtained at 30 K than
at 90 K (Fig. 6b). The increase of the enhancement factor observed
under MAS relative to the static sample can be explained by the
increase of the number of spins (periodically) satisfying the cross
effect condition [36]. Considering the thermal equilibrium polar-
ization at 30 K is 10 times larger than that at room temperature,
the total sensitivity enhancement factor of 500 is realized at
T = 30 K and B0 = 14.1 T relative to conventional room temperature
measurements.
Despite the numerous advantages and a number of existing
instruments for the He-based cryogenic MAS [41–43], its use in
DNP MAS NMR spectroscopy has not been widespread yet, pre-
sumably because of a number of technical problems in its imple-
mentation. In fact, with our previous He MAS system described
above [12], we have encountered the following issues: (i) unstable
MAS with a MAS module that is not optimized for low kinetic vis-
cosity cold He gas, (ii) unfeasibility of experiment longer than
10 h since it is difficult to refill the pressurized He dewar during
the measurement, (iii) high cost of He (our system consumed
6 L/h of liquid He), (iv) probe arcing with high power 1H
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under a He atmosphere, and (v) signal broadening due to the freez-
ing of molecular conformation.To address these issues, we have recently developed a novel He-
cooling and -spinning MAS NMR probe system adopting a closed-
loop gas recirculation mechanism [44]. Fig. 7 shows a schematic
diagram of the system. Roughly 50 L of high purity (99.99%) He
gas (not liquid) introduced to the system is compressed, regulated,
and cooled in the heat exchanger with two Gifford–McMahon gas
chillers (to 20 K), then sent to the NMR probe for sample cooling
and spinning. The gas exhausted from the probe, being still very
cold (40 K), is used for cooling the spinner gas in the first cooling
stage. As a result, the return gas is warmed up to the ambient tem-
perature before going back to the original compressor. In this way,
the compressors, buffer tanks and flow controllers can all be oper-
ated at room temperature, and required no cryogenic specifica-
tions. The system does not consume any cryogen for maintaining
the cryogenic MAS. The gas chillers instead need electricity, but
they only take 16 kW/h, and reduced the overall running cost to
1/50 that of our previous setup.
50100150200250300
13C Chemical Shift (ppm)
13C Chemical Shift (ppm)
OFF
MW ON
OFF
MW ON
(a)
(b)
001 05150200250300
Fig. 9. DNP-enhanced CP-MAS 13C NMR spectra taken with our 700 MHz DNP-NMR
spectrometer at T = 90 K (a) and 35 K (b). DNP enhancement factor was e = 18 with
Y. Matsuki et al. / Journal of Magnetic Resonance 264 (2016) 107–115 113Fig. 8 shows 1H–13C CP spectra of crystalline tripeptide
n-formyl-Met-Leu-Phe (MLF) taken at T = 40 K and B0 = 16.4 T.
The integral signal intensity was enhanced by a factor of 7 at
40 K relative to the room temperature signals. This is consistent
with the increase of the Curie magnetization by a factor deter-
mined by the temperature ratio (300/40 = 7.5). In addition, it was
found that the thermal noise level at 40 K was 30% smaller than
at the room temperature, thus, overall, the sensitivity enhance-
ment of 10 was achieved without DNP. The longitudinal relax-
ation time of proton, T1H = 5.6 s, was not excessively long since
the tripeptide bears three methyl groups still rotating at 40 K.
The stability of the MAS rate and sample temperature was excel-
lent (±0.5 K and ±5 Hz, respectively) throughout the 2.5-days of
initial operation. So far, more than 14 days of continuous and
stable run has been confirmed, during which no gas pressure/flow
drop was observed, thus even longer run seems to be possible.
The long-term stability enabled routine acquisition of high
dimensional data at 30 K, greatly improving the resolution of
low temperature spectra. For example, one of the methyl signals
in MLF, Cd2 of Leu (‘‘Ld2” in Fig. 8c), was broadened by a factor of
10 by going from room temperature to 40 K due to the slowed
methyl rotation interfering with the 1H decoupling field. While it0
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Fig. 8. 1H–13C CP spectrum of MLF taken (a) at T = 300 K with 4 scans, and (b) at
40 K, 8 scans. The MAS rate was 4.7 kHz. (c) Aliphatic region of the spectrum in (b).
The vertical scale for the spectra in (a) and (b) are adjusted to the same unit time
noise amplitude. Shown below the spectra is the location of the spinning sidebands.
The CP period was 1.0 ms and 0.25 ms at 300 K and 40 K, respectively, and the RF
fields were 45 kHz and 35 kHz for 1H and 13C, respectively. High-power 1H
decoupling (70 kHz) was applied during the 10 ms-data acquisition. Figure is taken
from Ref. [44].
T = 90 K and vR = 7 kHz (a), and was e = 27 with T = 35 K and vR = 4 kHz (b). Sample
was 1 M 13C-urea dissolved in the standard glass matrix (d8-glyceorl/D2O/H2O =
6/3/1) with 20 mM TOTAPOL.was impossible to measure its linewidth in 1D data due to the
spectral overlap, it was readily measured (FWHH  1 kHz) in 2D
by fitting signals in a cross-sectional slice [44]. Cryogenic MAS
NMR also allows one to see phenomena unique to cryogenic tem-
peratures. For example, we have observed a progressive broaden-
ing of the methyl 13C signal of Met in MLF (‘‘Me”) by going from
room temperature to 40 K [44], which can be quantitatively inter-
preted by an ultra low hinderance rotation of this particular
methyl group. The latter line broadening has eluded an observation
in the preceding study at 100 K [45].
Finally, the above-described closed-cycle helium MAS system
was applied to DNP NMR measurements at 16.4 T. Fig. 9 illustrates
the DNP enhancement obtained under MAS at 90 K and 35 K.
Required SMMW (460 GHz) was generated by the gyrotron FU
CW GOI, and delivered to the sample using the quasi-optical trans-
mission system. The sample was 13C-urea and biradical TOTAPOL
dissolved in the standard glycerol matrix. The enhancement factor
of e = 27 obtained at 35 K was a factor of 1.5 larger than e = 18 at
90 K. This temperature dependence of the DNP enhancement factor
was similar to that found at B0 = 14.1 T (Fig. 6). The enhancement
of e = 18 observed at 90 K is comparable to the reported value for
the same sample, MAS rate (vR = 7 kHz) and the field condition
(B0 = 16.4 T) [10]. Together with the effect from the sample cooling
and the DNP, two orders of magnitude sensitivity gain was
achieved at B0 = 16.4 T. The enhancement obtained with our sys-
tem has a room for further improvement with an optimization of
the microwave irradiation efficiency at the sample as described
in Section 2.3.4. Conclusions and perspective
We have described advanced instrumentations for extending
DNP MAS NMR spectroscopy toward high fields (14.1 and 16.4 T)
and low temperatures (100 K and 30 K), where spectral resolution
and the basic NMR sensitivity tend to improve. Our focus was on
the development of gyrotrons with advanced functions such as
the rapid frequency modulation and wide tunability, and cryogenic
MAS systems with long-term stability and cost efficiency. In partic-
ular, our recent 460 GHz–700 MHz DNP NMR spectrometer
114 Y. Matsuki et al. / Journal of Magnetic Resonance 264 (2016) 107–115involves two gyrotrons and a beam combiner enabling advanced
SMMW irradiation schemes employing a dichromic wave, or rapid
frequency switching. For the cryogenic MAS, we have achieved, for
the first time, a completely closed-cycle system that sustains stable
MAS at 35 K for weeks without consuming any helium, facilitating
higher dimensional experiments with high DNP efficiency at very
low temperatures. Those instruments altogether should promote
high-field DNP toward more efficient, reliable and affordable
technology.
The use of high fields and low temperatures however entails
several drawbacks besides the engineering challenges [46,47].
With increasing magnetic field condition, the efficiency of the cross
effect based-DNP often dramatically decreases [48]. Although the
factor of 2 loss of the enhancement typically seen by going from
9 T to 14.1 T can be practically compensated by the use of lower
sample temperatures such as 30 K instead of the conventional
90 K as we demonstrated at B0 = 14.1 [12] and 16.4 T, there is a
limit for this effect due to the over-saturation of the electron spins
at very low temperature [36]. Alternatively, designing polarizing
agents tailored for high fields and low temperatures could become
an important approach. Since the DNP efficiency is determined by a
complex interplay between the DNP mechanism at work, the mag-
netic field condition and the detail of the magnetic parameters of
the electron-nuclear spin system, exploration of wider range of
electron spin systems, other than currently popular nitroxide rad-
icals, such as trityl radicals, transition metal ions, and their combi-
nations [49–51] seems to be promising. Advanced SMMW
irradiation schemes enabled by the above-described apparatus will
become an important part in this task taking advantages of the
novel paramagnetic systems with various g-values and relaxation
times. Researches on these directions are underway in our labora-
tory, and should be reported in due course.References
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